Abstract This review summarizes the in vivo experiments carried out by our group after implantation of bioactive molecules (matricellular molecules) into the exposed pulp of the first maxillary molar of the rat or the mandibular incisor of rats and mice. We describe the cascade of recruitment, proliferation and terminal differentiation of cells involved in the formation of reparative dentin. Cloned immortalized odontoblast progenitors were also implanted in the incisors and in vitro studies aimed at revealing the signaling pathways leading from undifferentiated progenitors to fully differentiated polarized cells. Together, these experimental approaches pave the way for controlled dentin regenerative processes and repair.
Introduction
Tissue engineering involves three partners: (1) specialized cells producing a specific tissue, (2) extracellular matrix (ECM) molecules that display bioactive properties, and (3) scaffolds used as carriers, which also bear some biological properties. Cells are producing complex ECM, with functional redundancies and self-aggregating properties. ECM or some specific domains of the molecules act as intracellular signaling molecules and therefore are matricellular proteins. They stimulate the recruitment, proliferation and differentiation of regenerative cells. For some years, we have investigated this cascade of events leading to reparative dentin formation using pulp capping as a short-term model [3, 4, 6] with the aim of dentin regeneration, even in an ectopic situation.
In vivo models
The rat first maxillary molar
The presence of a large diastema between the incisor and the three molars provides good access to the mesial aspect of the first maxillary molar. After gingival electrosurgery, a half-moon cavity is prepared by drilling with a tungsten round burr in less than 2 s. Pulp exposure is obtained by pushing with a steel probe the deepest part of the cavity. The resulting pulp exposure allows the insertion of agarose beads loaded with bioactive molecules into the pulp. The pulp is protected from bacterial contamination with a glass ionomer cement and the rats killed after 1 to 90 days [1, 14] . cortical bone of the mandible. A hole is drilled with a burr through the bone and the outer dentin/cement lateral surface of the incisor. Agarose beads loaded with ECM molecules or cells are implanted into the pulp. This model can be used for shorter-term experiments up to 20 days.
These two in vivo models allow to study the effects of bioactive molecules or cell implantation either in the coronal part of the molar or in the forming part of the incisor.
Effects of ECM molecules

Bone sialoprotein
It is well documented that (1)-collagen pellets loaded with Bone SialoProtein (BSP) implanted in the calvaria after the preparation of a minimal critical-size defect that cannot heal spontaneously recruit osteoblast progenitors that proliferate and differentiate into cells that contribute to the healing of the defect. (2) BSP induces in vitro the nucleation and growth of crystallites. (3) BSP has been shown to enhance collagen fibrillation [5] . One week after implantation of BSP in the pulp, an inflammatory reaction was seen which was resolved at 15 days. Two weeks after implantation in the first maxillary molars, reparative dentin starts to form around the dentin fragments pushed into the pulp during the exposure step. A homogeneous reparative dentin filled the mesial pulp chamber after 1 month. The reparative dentin formed was atubular [1] .
Bone morphogenetic protein 7-OP-1
Investigations on the potential role of Bone Morphogenetic Protein 7 (BMP7), also called Osteogenic protein-1 (OP-1) [7, 8, [11] [12] [13] were carried out to analyze the effects of OP-1 in the rat molar model compared with BSP. In the same experimental conditions, in the crown part of the pulp, a porous reparative dentin of the osteodentin type was produced with major fissures due to pulp remnants. In contrast, the lumen of the pulp located in the root was totally closed by a homogeneous reparative orthodentin. This pointed to the physio-pathologic differences between the root and the crown pulps [4-6, 15, 16] .
Dentonin
The central portion of MEPE (residues 242-264) is a domain that includes an integrin-binding triplet (RGD sequence-residues 247-249), a glycosaminoglycan attachment (SGDG-residues 256-259) and a putative calciumbinding motif. This domain from MEPE, known as dentonin or AC-100, was implanted into the pulp. Dentonin stimulates the recruitment, proliferation and differentiation of reparative cells. The initial formation of a mineralized phase was accelerated, and as early as 8-15 days, dendritic bone-like structures started to form. However, afterward, the mineralization process was slower. This suggested that the initial phases of reparative dentin formation were stimulated by the peptide but not the terminal step of reparative dentin formation [19] .
Small-molecular-weight amelogenins: A+4, A−4, LRAP+exons 8 and 9
Amelogenins are the major components of the forming enamel. For years, the general belief was that they were specific molecules, implicated in enamel formation, characteristic of the ameloblast phenotype. The discovery that odontoblasts are also implicated in the synthesis of some low molecular spliced forms of amelogenins [20] opens new insights on the signaling functions of these molecules. In addition, many other cells have been now recognized to synthesize this group of molecules [2] .
Seven exons are implicated in the synthesis of the whole length amelogenins. The last 8 and 9 exons are considered as non-coding, except in rodents. [20, 21] .
We have shown that the implantation of A+4 or A−4 into the pulp stimulates the recruitment of pulp cells that may be osteo/odontoblast progenitors. They further proliferate, as shown by PCNA labeling at day 3 after implantation. The first row of cells located at the surface of the beads does not display any PCNA signal, whereas the second row of cells is PCNA-positive. We suggest that the cells that are recruited in the central part of the pulp migrate and come in close contact with the beads where they undergo differentiation, as shown by anti-osteopontin (OPN) immunolabeling (undetectable before day 7). Using dentin sialoprotein (DSP) antibody after 15 days, none of the cells in contact with the beads were labeled, but at the surface of the pulp, beneath the exposure site, some cells were positively labeled [17, 18] . Two diverging hypotheses can be proposed: (1) either two groups of cells are recruited simultaneously, osteoblast-like progenitors that are located in the central part of the coronal pulp and odontoblast-like cells differentiating at the periphery near the pulp exposure, or (2) cells of the osteoblast-like phenotype differentiate firstly near the beads and during the second step of the cascade, they further transdifferentiate into odontoblast-like cells. These two alternative hypotheses are currently under study.
Implantation of LRAP (see above explanation of the acronym) stimulates cell proliferation after 8 days, but the reaction is weaker in the presence of the amino acids expressed by the non-coding exons 8 and 9. Proliferation is strongly decreasing in day 15 molars. Between days 1 and 8, there is a transitory expression of RP59, which has been shown to be expressed by differentiating mesenchymal progenitors. Afterward the labeling decreases. Using LRAP instead of A +/−4, DSP labeling is weak or nil at any of the time periods studied in vivo. OPN labeling increases between days 8 and 15. Its comes out from these preliminary results that in the rat model, the non-coding 8 and 9 amelogenin exons regulates or even represses the formation of reparative dentin.
Immortalized progenitors
Clones
Immortalized pulp cell colonies were obtained from tooth germs of day 18-mouse embryos transgenic for an adenovirus SV40 recombinant plasmid [9] . All the cells isolated from these mice express the large T antigen of SV40. From three initial populations that express DSP, type I collagen and nestin, a cytoskeletal marker of neural-crestderived cells, sixty clones were obtained and characterized by immunocytochemical and RT PCR analyses. Five of these clones were further analyzed. They express nestin, RP59, Pax9, Msx 1 and 2, Dlx 2 and 9, Lhx6 and 7, DSP, DPP, DMP-1, amelogenin, enamelysin (MMP-20) and alkaline phosphatase, and therefore display the characteristics expected for odontoblast progenitors [9, 10] .
Terminal differentiation
When the clones of odontoblast progenitors were cultured together with pure hydroxyapatite blocks or day 18 embryonic mandibular incisors, the cells did not undergo terminal differentiation. In contrast, when some of our clones were cultured with day 19 embryonic incisors or teeth dissected from newborns, odontoblast progenitors differentiate into cells that form long processes at right angles to the tooth surface. This did not occur with mesenchymal progenitors embryonic cells or cells derived from adult bone marrow. This terminal differentiation was observed only on the labial part of the incisor where enamel starts to form. Cell bodies were grouped in a palisade-like appearance. Therefore the proteins of the ECM present in the forming enamel appear as good candidates in the regulation of this process. To test this hypothesis, the embryonic incisor was treated with sodium hypochlorite for 15 min in order to remove the proteins present in the tooth. After this treatment, the tooth keeps the capacity to promote the terminal differentiation of odontoblast progenitor. Western blot analysis of the deproteinized incisors showed that some remnants, or fragmented molecules, of amelogenin and osteocalcin were still present, whereas all the other ECM molecules (DSP, DMP1, BSP and OPN) were undetectable after the deproteinization procedure. Therefore amelogenin and osteocalcin, or some derived peptides, are candidates for inducing the final differentiation.
Ectopic implantation
In the above model, the cells differentiate in front of a forming enamel layer instead of being located at the surface of the pulp beneath the dentin/predentin. Despite this ectopic location, we have observed that some mineral nodules formed between the processes, merging to create a dentin-like layer. Therefore, our project is not restricted to reparative dentin formation but expands to dentin generation or regeneration.
Cell implantation in the incisor
Finally, we have also investigated the usefulness of implanting odontoblast progenitor cells in the pulp to achieve reparative dentin formation. The cells were implanted in the forming part of the incisor as described above for the matrix molecules and the mice were euthanized 10 and 20 days later.
Four clones were implanted into the pulp. The two clones, 17IA4 and 705IH8, induced the formation of dendritic bone-like structures of the osteodentin type, whereas 705IC5, and surprisingly C1, an embryonic mesenchymal precursor, induced the formation of orthodentin (tubular dentin), appearing mostly as a thickening of the dentin walls.
The understanding of phenomena leading to dentin regeneration is growing, at least using experimental models and either matricellular proteins or progenitor cells. The next step will be to evaluate the effects of these new technologies in the clinical situation.
